Breathing oscillations in the discharge of an enlarged cylindrical-anode-layer Hall plasma accelerator are investigated by three-dimensional particle-in-cell (PIC) simulation. Different from the traditional breathing mode in a circular Hall plasma accelerator, the bulk plasma oscillation here is trigged by the potential barrier generated by the concentrated ion beam and substantial enough to compete with the anode voltage. The electric field near the anode is suppressed by the potential barrier thereby decreasing the electron density by $36%. The discharge is restored to the normal level after the concentrated beam explodes and then it completes one cycle of electro-driven breathing oscillation. The breathing mode identified by the PIC simulation has a frequency range of $156 kHz-$250 kHz and does not vary monotonically with the discharge voltage. V C 2013 AIP Publishing LLC. [http://dx
INTRODUCTION
The breathing mode in a Hall plasma accelerator, 1, 2 which was first observed in 1970s (Ref. 3 ) and characterized by fluctuations in the discharge current and ion beam, is one of many oscillation modes in a Hall plasma accelerator. 4 Different from the rotating spoke, [5] [6] [7] which is a dense plasma structure propagating in the azimuthal direction, the breathing mode is a bulk plasma instability. This phenomenon has been studied by experiments, [8] [9] [10] numerical analysis, [11] [12] [13] and suppression. 14, 15 The breathing oscillation generally exhibits a low frequency characteristic in the range of 1-20 kHz, but higher frequencies from 35 kHz to 70 kHz (Ref. 16 ) and 10-100 kHz (Ref. 17) have also been observed from experiments conducted on anode-layer Hall thrusters. The breathing mode is associated with bulk plasma disturbance and produces fluctuations in the discharge loop. It is thus also called circuit instability and loop instability. 4 Theoretical and numerical investigation of this phenomenon was initiated in the late 1990s (Refs. 11 and 12) and it is described as a cycle of neutral depletion and replenishment in conjunction with the fluctuation of the position of the ionization zone. The periodic process starts from overconsumption of neutrals. When the neutral flow front moves upstream to a region having a lower ionization rate, the discharge is weakened and neutrals are allowed to fill the depleted region again with the neutral flow front moving back downstream. This cycle creates oscillations in the plasma, discharge circuit, and ion beam output. The breathing oscillation is a deviation from the original design of the Hall plasma accelerator since the ion beam divergence, plume shape, and ion beam energy are influenced by the bulk plasma instability significantly. 18, 19 Therefore, the breathing oscillation is interesting and should be considered in further improvement of the Hall plasma accelerator.
We have studied the cylindrical-anode-layer Hall plasma accelerator both experimentally and numerically 7,20-24 using three-dimensional particle-in-cell (PIC) simulation. Our simulation results revealed a threshold voltage corresponding to the maximum ionization cross section enabling interpretation of the I-V characteristics observed from experiments. 23 In addition, the rotating spoke simulated by the model showed an axial electron shear flow excited in the additional crossed E h Â B field resulting from the azimuthal rotating dense electron distribution. 7 Recently, we reported an enlarged cylindrical-anode-layer Hall plasma accelerator with a concentrated ion beam and three-dimensional (3D) PIC simulation was performed to investigate the associated mechanism. 24 When the argon pressure was increased from 3.0 Â 10 À2 Pa to 6.0 Â 10 À2 Pa in order to obtain a higher density plasma in our investigation of the ion beam dynamics, instead of the steady discharge observed from previous simulation, the whole discharge area exhibited breathing oscillations in both the electron density and ion beam. In this work, we investigate the origin and mechanism of this breathing mode.
NUMERICAL SIMULATION
The enlarged cylindrical-anode-layer Hall plasma accelerator with an outlet dimension of 150 mm is schematically illustrated in Fig. 1 Collisions handled by multiple computer complex (MCC) in the simulation are electron-neutral (ionization, excitation, and elastic scattering) as well as ion-neutral (charge exchange and elastic scattering). The magnetic field, 220 G near the anode surface and consistent with experiments, are prepared in advance, imported into the model, and assigned to grids. The discharge voltage applied to the anode is 800 V. There are 365 625 cells with dimensions of 2 mm Â 2 mm Â 2 mm and 37 500 electron macro-particles in the ionization region as seed electrons to initiate the discharge. These seed electron macro-particles are uniformly distributed in a cuboid region in the center of the cylindrical anode layer Hall plasma accelerator. No macro-particles exist in the beginning of the simulation, but owing to the self-sustained property of the model, ionic macro-particles can be generated by impact ionization. The simulation is performed using a time step of 1.0 Â 10 À10 s and 160 000 steps are used to obtain the final results.
RESULTS AND DISCUSSION
The ion distributions at 800 V having time series marked by letters A to P with an interval of 4.0 Â 10 À7 s between two neighboring illustrations presented in Fig. 2 illustrate the overall process. The breathing process starts from the concentrated beam (Figs. 2(A) and 2(B)) as reported in Ref. 24 and then the beam explodes to bring a spherical beam-front to the ions. Meanwhile, the high density area disappears (Figs. 2(E) to 2(H)), causing an almost uniform and lowdensity ion distribution. At the end of the process, the collimated beam is formed again (Figs. 2(I) to 2(L)) before the next cycle commences. This process resembles the series of images captured by a high-speed CCD camera showing the ion density distribution in breathing oscillation. 18 In the simulation, the breathing mode cannot result from the depletion and replenishment of neutrals since the neutral particles do not flow due to the static background pressure in the model.
The potential map at the central plane of the Hall plasma accelerator is studied since the entire ion dynamics depends on the potential distribution. Figs. 3(i) and 3 (ii) depict the potential distributions at the central plane of the Hall plasma accelerator before and after the ion beam explosion, corresponding to the ion distributions in Figs. 2(C) and 2(H), respectively. To show more details, the contours in Fig. 3(i) start from 300 V with a step of 50 V and the equipotential lines in Fig. 3 (ii) has a beginning of 20 V with an interval of 10 V between two neighboring lines. A large potential barrier with a peak of up to 1450 V can be observed from Fig. 3(i) before the ion beam explosion. Since the voltage applied to anode is just 800 V, it is obvious that the ion beam explosion results from the potential barrier peak, which is 81% higher than the anode voltage. In comparison, Fig. 3 (ii) shows an almost flat potential distribution in the Hall plasma accelerator and is very different from Fig. 3(i) . This is consistent with the ion distribution in Fig. 2(H) , indicating very low ion density and the absence of a concentrated beam.
The potential barrier which results from the beam concentration previously reported is determined by the ion density. As described in Ref. 24 , a peak of only 195 V is found at a pressure of 3.0 Â 10 À2 Pa and it rises rapidly to 1450 V due to the larger ion density at 6.0 Â 10 À2 Pa adopted here. The beginning of the peak is smaller than the anode voltage and some ions can reach the apex but are slower as they lose energy. Meanwhile, the voltage of the potential barrier increases and most of the following ions cannot overcome the peak when the potential barrier is large. However, the ions still can arrive at the region near the apex to increase the peak potential since no electrons screen the electric field in the center of the Hall plasma accelerator. Finally, the steady state is broken due to the overly large potential barrier and the concentrated ion beam explodes.
The high voltage of the potential barrier can affect the electric field near the anode as well as ionization. The potential barrier peak voltage under different plasma conditions (Figs. 2(A) to 2(P) ) is shown in Fig. 4(i). Figs. 4 (ii) and 4(iii)) show the axial electric field at a distance 4 mm away from the anode and electron density in the ionization region corresponding to Figs. 2(A) to 2(P). Fig. 4 indicates that in the process illustrated in Fig. 2 , the plasma conditions A to E and K to P are important due to the synchronous and large variations in the curves in Figs. 4(i)-4(iii) . When the barrier potential increases because of the large ion beam concentration, the electric field diminishes due to the competition between the potential barrier and anode. Suppression by the potential barrier of the anode voltage is obvious, so that the axial electric field can reach zero (C in Fig. 4(ii) ) and even a negative value (D and N in Fig. 4(ii) ). The decrease in the electric field reduces the ionization efficiency as illustrated in Fig. 4(iii) . The electric field at which we measure is just a point but the ionization region is a volume, and Fig. 4 (ii) only serves to demonstrate the trend. Although not all positions show the electric field falling to zero, the decrease still causes a $36% decline in the electron density.
Based on the above discussion, the breathing oscillation in the enlarged cylindrical-anode-layer Hall plasma accelerator can be briefly summarized as follows. At a higher pressure of 6.0 Â 10 À2 Pa, the concentrated beam introduces a potential barrier with a peak of 1450 V into the center of the Hall plasma accelerator due to the high density plasma at a discharge voltage 800 V. The potential barrier is large enough to compete with the anode and decreases the axial electric field near the anode surface. The concentrated ion beam cannot sustain its status due to the overly high potential and consequently explodes. In addition, the decrease in the electric field near the anode surface in the ionization region reduces the ionization efficiency dropping the electron density by $36%. After the explosion of the concentrated beam, ions have a lower density and an almost uniform distribution as the potential barrier vanishes. Meanwhile, the axial electric field is restored to the normal level rebuild the discharge before a new circle starts.
The breathing oscillation studied by simulation in the enlarged cylindrical-anode-layer Hall plasma accelerator here has a different origin from the previously reported breathing mode, which is driven by slow neutral diffusion and fast ionization. This breathing oscillation is a purely electro-driven phenomenon manifested by periodic ion beam output, electric field, and ionization fluctuations. The oscillation frequency which is 208 kHz at 600 V rises with increasing discharge voltages from 250 kHz at 800 V and declines to 227 kHz at 1000 V and 156 kHz at 2000 V. However, it does not appear that there is a simple relationship between the oscillation frequency and discharge voltage since another important factor, the ion density, that can affect the potential barrier is difficult to predict by the discharge voltage. Although a higher argon pressure introduces this breathing oscillation, no threshold is found from our simulation since the amplitude rises gradually and non-linearly with increasing pressure.
CONCLUSION
Breathing oscillations in an enlarged cylindrical-anodelayer Hall plasma accelerator are identified by threedimensional particle-in-cell simulation. At a high pressure of 6.0 Â 10 À2 Pa, the concentrated ion beam introduces a potential barrier with a peak of 1450 V to the center of the Hall plasma accelerator due to the high density plasma at a discharge voltage 800 V. The axial electric field near the anode is suppressed by the barrier since it has a potential higher than that of the anode. Therefore, the ionization efficiency is reduced and the electron density falls by $36%. However, the concentrated ion beam cannot sustain due to the large potential of the barrier and explodes consequently. Afterwards, the ions have a smaller density and almost a uniform distribution as the potential barrier vanishes. The axial electric field reverts back to the normal level and the discharge is restored. This process repeats itself resulting in the breathing oscillations in the enlarged cylindrical-anode-layer Hall plasma accelerator. It is a purely electro-driven oscillation and the mechanism is very different from that of the traditional breathing mode which results from the slow neutral diffusion and fast ionization. The electron-driven breathing mode has a frequency range of $156 kHz-$250 kHz, which does not vary monotonically with increasing discharge voltages. Our results reveal that it is possible to obtain ions with energy higher than the anode voltage due to the potential barrier peak.
